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1. INTRODUCTION 

Integration of renewable power generation on electricity grid has been increasing significantly due 
to some benefits of abundant sources and environmental issues. Moreover, the development of energy 
conversion and material technologies encourages integration of renewable energy resources-based power 
plants on power system network. Despites the advantages of integrating novel power plant technologies, the 
increasing penetration of renewable power plant introduces some challenges on power system operation. 
Integration of large-scale renewable energy-based power plant significantly affects power flow and stability 
of interconnected power system network. The increase of intermittency and uncertainty in power system as a 
consequence of integrating renewable energy would affect the equilibrium point of power system operations. 
The balance conditions dynamically change due to unpredictable power contribution from renewable energy 
based power generation [1]. 

It has been shown in various references that increasing wind permeability increases demand for 
more radioactive power. If it is not supplied by the existed power system, it may lead to voltage instability 
[2], [3]. Voltage stability constraints have become the most limiting factor against the increase of wind 
generation permeability in power systems by increasing wind production permeability in power systems and 
their reactive power demand [3], [4]. 

The maximum level of wind force permeability depends on the available voltage stability margin 
(VSM) of the existing power system [5], [6]. New wind farms with a less negative effect on VSM must have 
a bigger size to maximize the level of wind permeability in a power system. As a result, limiting the 
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maximum size of wind farms may not maximize the level of wind permeability based on the assumption that 
high wind speeds occur at peak loading conditions simultaneously [6]. 

In study [7], wind farms are measured based on the maximum size of the wind farm due to their 
effect on VSMs. Wind farms with the minimum negative effect on VSMs are larger than other farms. It was 
assumed in calculating the maximum voltage stability of the wind farm size that wind sources would also be 
available during peak load hours to generate electricity with peak load simultaneously. Although this 
approach provides stable voltage for wind farm size at any conditions, it is very conservative. 

The wind farm size can be increased higher than the maximum size by considering the actual levels 
of wind speed at peak loading conditions [7]. Wind production is limited under certain conditions based on 
VSM with this option. The wind power output in this research tends to be maximum during the early 
morning hours and at night and be minimum during the afternoon hours when the loads in the region are at 
their peak [6]-[35]. 

This paper is a new practical approach to evaluate the effect of wind permeability increase by 
combining VSMs system, loading pattern, and existed wind resources in wind generation sites. The rest of 
this paper is organized. In section 2, voltage stability problem is described. Wind injection point and load 
modeling introduced in section 3. In section 4, evaluating voltage stability is presented. In section 5, the 
problem formulation is given. In section 6, the understudy power system is presented then the simulation 
results are analyzed. Finally, this article concludes in section 7. 


2. VOLTAGE STABILITY MARGIN 

Voltage stability is described by the slow reduction of voltage levels in one or more buses in a 
power system. Static and dynamic methods can be used to investigate voltage stability constraints. Since 
voltage decays slowly in many cases, voltage stability can be effectively analyzed by a static approach 
instead of a dynamic approach. Steady-state voltage stability analysis lets system programmers use 
steady-state load distribution models easily for voltage stability studies. 

VSM can be calculated at any functional point of the system with high reliability when production 
resources are available to supply load demand. Nonetheless, VSM is calculated more complicatedly at any 
given time due to the nature of wind generators and their unpredictable output power as generation sources 
change to accommodate new wind power units and supply load demand. Using the expected voltage stability 
margin (EVSM) index has been studied in voltage stability analysis of power systems under various system 
configurations and load conditions [35]. EVSM can be used to measure the stability voltage of a system with 
unpredictable production sources such as wind generation. 


3. WIND INJECTION POINT AND LOAD MODELING 

In recent years, the doubly-fed induction generator (DFIG) type has become more popular than the 
SCIG type because of its ability to consume or produce reactive power according to the lack of reactive 
power support in areas with the installed wind farms. The DFIG wind generator can change its functional 
speed to get optimal wind power extraction. This issue is solved by feeding the rotor circuit with active and 
reactive power from the rotor side converter. The lateral converter is connected between the rotor circuit and 
the power system and is usually measured for a part of the generator specification plate [2]. Only wind farm 
DFIG is studied in this research. 

Power system loads are voltage sensitive and their response to voltage fluctuations at each step of 
voltage stability calculation should be modeled for power systems. The load dynamics would have a 
significant effect on the breakdown point calculations even for slow voltage breakdowns whenever the 
voltage drops below 0.9 p.u in a load bus. The voltage limit of 0.9 p.u is based on the voltage control of 
power systems that keep loads constant. However, the load would not be constant anymore when the system 
voltage level is less than 0.9 p.u [7]. Since it is assumed that all bus-loads are kept at voltages above 0.9 p.u 
at each stage of VSM calculation, load dynamics are not considered in this research. When the voltage of 
each bus-load drops below 0.9 p.u or reaches the point of voltage breakdown, the voltage gets unstable in a 
power system. 


4. EVALUATING VOLTAGE STABILITY 

The power system experiences a mode of voltage instability when there is a progressive or 
uncontrollable decrease in voltage level after a failure and an increase in load demand or a change in 
operating conditions. An increase of reactive power "Q" increases the voltage at bus "V" for a stable voltage 
system. An increase in reactive power "Q" decreases the voltage at bus "V" for an unstable voltage system [6]. 
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The used Q-V curve method to calculate VSM has many advantages over the other static voltage 
stability analysis tools. This is particularly when the lack of reactive power "Q" makes power systems arrive 
at the falling point. No bus voltage should drop below 0.9 p.u according to this research and local instrument 
criteria. According to Figure 1, VSM is defined as the measured Megawatt distance difference of reactive 
power from the operating point to the bottom of the Q-V curve (Qmin) or from the point where the bus voltage 
drops below 0.9 (Q 0.90 pu) [5]. 


1 Qvmax 


Reactive Power Injection (Mvar) 
Qmin(0.90 pu) 


Unstable Region 


Stable Region 
0.00 pu 0.30 pu 0.60 pu 0.90 pu V(pu) 
Voltage (pu) 


Figure 1. Q-V specification curve [2] 


5. EVALUATING THE EXPECTED VOLTAGE STABILITY 

The described EVSM in [7] can be used to measure the effect of wind farm size on system voltage 
stability. EVSM is defined as the sum of VSM of each wind speed multiplied by its probability of occurrence 
to consider the probabilistic nature of wind speed as shown by (1): 


EVSM = ¥\"_, VSM(Vyina) * probability (Vyina) (1) 


in which, V-wind is the calculated VSM in the measured wind speed in wind farm site. "Probability 
(V_wind)" is the probability of wind speed occurrence, and "n" is the number of different wind speed 
intervals included in EVSM calculations. 

A new expected voltage stability index Li has been introduced to evaluate the effect of increasing 
wind farm size on voltage stability. The new index provides a quantitative measure of system voltage 
stability changes to increase wind permeability. The great amount of Li shows that system is closer to change 
to any instability for all changes in a system parameter such as power coefficient changes and load changes. 
the lower value of the Li index shows that system is strong, and system instability is not significantly 
impressed by the change in wind farm size. 

Li is calculated by subtracting system final EVSM from the system initial EVSM and dividing by 
the system initial EVSM. The Li index can be expressed as (2). 


EVSM,-EVSM 
Li = ——* (2) 
EVSMp 


In which, EVSMs is the expected voltage stability margin of the system before increasing the wind farm size 
and EVSM, is the expected voltage stability margin of the system after increasing the wind farm size. Li 
index is between 0 and 1. 0 shows that the system expected voltage stability is not impressed by an increase 
in wind farm size. 1 shows that the expected voltage stability of the system becomes unstable with an 
increase in wind farm size. 

The following part describes the steps of a principled method to evaluate the effect of increasing the 
wind farm size to values higher than its maximum voltage stability limit. These steps can be used to evaluate 
the effect of each power system with several wind farms because loading distribution is modified to put all 
the manufacturing units despite their types before calculating VSM. The following steps describe the new 
method. 
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Step 1: The peak load of the power distribution sample is selected as the base sample before wind 
injection from the available seasonal load distribution samples. The peak load sample is an example that 
includes the peak load month. 

Step 2: The wind farm injection site and the type of used wind turbines are specified. 

Step 3: Indicating the connected bus voltage to the wind farms and the power factor at the connection 
point for the new wind injection site. 

Step 4: identifying the peak month for analysis. Peak month is divided into 24 hours per day in a way that 
each hour per day is the repetition of 30-31 loads during a peak month depending on which month the 
peak occurred. 

Step 5: Setting the peak loads in every 24 models made equal to the peak load for each hour of the day. 
Step 6: Selecting an hour of a day for analysis by starting from one hour (12 a.m. and 01:00 a.m.). 

Step 7: Gradual increase of the wind farm size in the load distribution model until the voltage dissipation 
and obtaining VSM of the maximum wind farm power for each hour load. 

Step 8: Calculating EVSM; as a function of wind speed for the maximum obtained size in step 7. VSM is 
calculated for each increase change. Then, it is multiplied by the probability of its output power. The sum 
of all VSMs in the system is EVSMb. 

Step 9: Increasing the maximum farm wind size in step 7 to obtain a new VSM to calculate EVSMa. 

Step 10: Calculating VSM for each range then multiplying by VSM for each power range of wind farm in 
its range probability. The sum of all EVSMs for all levels of wind farm output power is the new EVSM, 
system for the new wind farm size. 

Step 11: System EVSM calculation is shown by Li index in (2), and calculating the expected outage hour 
of the wind farm based on the probabilities of wind farm output power. 

Step 12: Repeating steps 6 to 11 for all the remained daily hours, time of 2 to 24. 

Step 13: end 


RESULTS OF SIMULATION 
The suggested wind farm measuring method is applied to the 14-bus IEEE power system which is 


shown in Figure 2. Two new wind farms in 2 desperate areas have been studied for a 14-bus IEEE power 
system for the optimum measurements. All 2 wind farms were located in the same class and the internal 
connection of the same transmission equipment at 13.8 kV. 
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Figure 2. Single-line diagram of the IEEE 14-bus system 


The new wind farms are connected to the grid at a voltage of 13.8 kV and are modeled as a PQ bus 


at the connection point with a constant pre-phase/post-phase power factor of 0.95. The calculated VSM is 
produced using the mentioned wind power combination. In the mentioned peak month, the load peaked in the 
afternoon (4-6 p.m.) as shown in Figure 3 in blue. Most irrigation loads are small commercial and residential 
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loads. Wind injection into the basic model reduced VSMs for all hours of the day. The maximum amount of 
wind injection shown in Figure 3 in red color is the maximum wind farm size that can be safely injected into 
the system without voltage stability for each hour of the day. 


m TTI TI 
| 
L 


S ‘ 
Š 200 iA-ETtT Ht 

3 Ge ee Li 

Q 

n 10 fra triadt ier) tial 

à | Prt rrti rrr rt tr eee 

100 —\-44 Seles ee ee ee a ee ee 

Prtr biti ttt r rr b ttt tree 

eo LLEVLEVUIVE EEE 

Si Bas ffl he x fas SG Gee 

Prt trib ttt rrr tbr 

a Wl et VV 0 

142 3 4 5 6 7 8 9 10 1i 12 13 14 15 16 17 18 19 20 21 22 23 24 


Daily Hours 


Figure 3. Maximum load of hour peak for peak months and maximum wind farm size for 14-bus IEEE 
network power system 


The maximum wind farm size at this hour of the day is called the stable voltage wind farm size. If 
the maximum field wind does not exceed 200 MW, there will be no expected wind hours. Days 16 and 17 
have led to the lowest maximum level for this wind farm. The maximum size of the wind farm is reached in 
hours of days 1 to 8. The DFIG wind farm in western Kansas was used to calculate the expected output 
power at the wind farm site for the entire hour of July, which we implemented on the IEEE 14-bus network 
power system [8]. At least wind speed hour data of 3 years (2005-2007) and the maximum wind speed were 
used in three years to calculate hours with the minimum VSMs. The expected wind farm output power and 
their probability as a percentage of the maximum DFIG specification plate at the wind farm site in West 
Kansas for the daily hour was used in the 14-bus IEEE power network which is shown in Table 1. 

Three new sizes were investigated to study the effect on VSM and EVSM by increasing the wind 
farm size higher than the voltage stability size of 200 MW. The newly used sizes are in load distribution 
models of 250 Mw, 300 Mw, 350 Mw, and 400 Mw. As it is seen in Table 2, the increase in the number of 
outage hours may not lead to the significant change between samples 4 and 5. Because many expected work 
hours of wind farm are classified in 90% to 100% of the wind farm specification plate or around 0% to 10% 
of the specification plate. In agreement with the reference [4], it shows that the power of wind farms is 
mainly utilized at their maximum level, near the maximum output, at their minimum level, or near their 
minimum based on their wind speed relationship. 


Table 1. The expected wind farm output power and their probability as a percentage of the maximum DFIG 
specification plate at the wind farm site 
Probability of wind output power from DFIG wind farm in western Kansas 


Probability Daily hour of peak month 
No. of observation hours % of power 

0.193548387 6 0.00% 
0.032258065 1 10.00% 
0.0645 16129 2 20.00% 
0.032258065 1 30.00% 
0.0645 16129 2 40.00% 
0.032258065 1 50.00% 
0.032258065 1 60.00% 
0.032258065 1 70.00% 
0.096774195 3 80.00% 
0.193548387 6 90.00% - 95.00% 
0.225806452 7 96.00% - 100.00% 
1.000000000 31 Total 
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Table 2. A summary of the effect of wind farm size increase on the system EVSM and the outage expected 


hour for the peak month 
Modes Daily hours 16 17 Total expected Mean EVSM for 
Peak load 255.65 259.29 outage hours daily hours (Mvar) 
Mode 1 outage hour 0 0 
200 Mw EVSM, 24.62 24.55 g meee 
Mode 2 outage hour 7 7 14 15.17 
Maximum 250 Mw EVSM, 15.19 15.15 : 
power output in Mode 3 outage hour 16 16 32 12.30 
the 14-bus IEEE 300 Mw EVSM, 12.32 12.29 ; 
system Mode 4 outage hour 17 17 34 11.58 
350 Mw EVSM, 11.74 11.43 ` 
Mode 5 outage hour 18 18 
400 Mw EVSM, 11.24 11.21 $ ae 


EVSM Li index was calculated for maximum size of the increased wind farm. The Li index 
increases by the field wind increases. This indicates that VSM of the system decreases as more wind is 
injected into the system. The maximum Li was found in sample 5 at daily 17 o’clock. During this daily hour, 
the system is at its minimum point of stability. EVSM Li index changes much less between samples 3 and 4 
than between samples 2, 3 and 4. 

This shows that increasing the system wind farm size to higher than 200 Mw reduces voltage 
stability. 400 Mw wind farm produced the maximum Li index that the worst mode is analyzed among 
5 samples. The mean Li index for the 400 MW sample reached 0.534, which is 40.1 times higher than the 
calculated mean Li index for the 250 MW sample (sample 2). Table 3 shows the effect of the maximum 
increase of wind farm size on the system's expected voltage stability. Notice that EVSM, does not predict the 
daily hour with the worst stability while combining the wins speed patterns in their calculation values. In 
sample 5, the worst EVSM for the daily hour of 17 o'clock was calculate 11.22 Mvar with EVSM of Li index 
of 0.534 that was the worst value for all the studied cases. The outage hours were determined higher than 
200 Mw by counting the hours of wind farm production. Figure 4 shows the summary of Table 3. 


EVSM (MVar) 


200 250 300 350 400 


= =f\SM —Li Maximum power output (MW) 


Figure 4. The mean EVSMs and Li index at 16 and 17 o'clock 


It is assumed that a control scheme inside the wind farm could be to an outage of wind turbines to 
reduce wind farm output power during peak hours. A special protection design is a form of control design 
that can be used to reduce voltage collapse in the system because of an increase in wind farm size to higher 
than its maximum voltage. 

The expected number of outage hours increases when the maximum wind farm size increases. 
Increasing the wind farm size from 200 to 250 MW will result in 14 hours outage. The outage time has more 
than doubled with a further increase in wind farm size. The potential outage hour has increased to 34 and 36 
in modes 4 and 5 because system VSM reduced for wind injection. It is expected that the outage hour occurs 
when the output power of the wind farm is higher than 57% of the specification plate for a sample of 350 Mw 
and higher than 50% of the specification plate for a sample of 400 Mw. 
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Table 3. The expected voltage stability index, Li, for the maximum changes of wind farm size 


Peak month Daily hours 16 17 Mean 
Model 1 EVSM 24.62 2455 24.58 
200 MW 
Mode 2 EVSM 15.19 15.15 15.17 
250 MW Li 0.383 0.382 0.3825 
Model 3 EVSM 12.32 12.29 12.30 
300 MW Li 0.499 0.499 0.499 
Mode 4 EVSM 11.74 11.43 11.58 
350 MW Li 0.534 0.534 0.534 
Mode 5 EVSM 11.24 11.21 11.22 
400 MW Li 0.543 0.543 0.543 


7. CONCLUSION 

It was shown that increasing wind farm size higher than voltage stability size limit can increase the 
wind permeability. However, the maximum wind farm output power may be limited to protect the power 
system against voltage collapse because of wind speed patterns and the availability of reactive power. In 
addition, the obtained results from the analysis showed that system EVSMs reduce as to increase wind farm 
size. Wind farms that are sized above voltage stability value experience an increase in the outage hour by 
system EVSMs reduction. Increasing the wind farm size from 200 to 400 MW reduces the mean EVSM by 
35.54%. Higher instability risk and higher the number of outage hours are expected to lower the EVSM 
value. The decrease in EVSM, approaches the system operating to the point of voltage breakdown. 
Increasing the wind farm size too high in some cases and at a certain size, the level increases the minimum 
wind power permeability due to high outage hours of wind farm output power. The presented method in this 
chapter is recommended to determine the effect of maximum wind farm size increase over the voltage 
stability size. This method can be used for proper evaluation. If the size increases, more wind energy is 
injected. In addition, wind speed patterns are combined to study the effect on the system VSM. If the power 
system acts at low EVSM, the number of outage wind hours may be very high. This new approach can be 
used in any number of wind farms proposed in any power system. Increasing wind permeability negatively 
influences the other types of stability such as small-signal stability by increasing the maximum wind farm 
size higher than the voltage stability limits. The negative effect of instability mode is expected by increasing 
wind permeability in weak power systems. Using modal analysis is very important for all wind permeability 
levels to identify where in wind farm has the greatest effect on the instability modes and what maximum size 
is the wind farm intensified. 
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